Titanium dioxide (TiO 2 ) is a promising material for photocatalyst coating. However, it was difficult to fabricate TiO 2 coatings which have excellent photocatalytic property by thermal spray processes. Because anatase phase of TiO 2 transforms into rutile phase under high temperature i.e. the photocatalytic property of TiO 2 declines by heating. In this study, TiO 2 photocatalyst coatings were fabricated by cold spray process. Agglomerated TiO 2 powder with 100% anatase phase was injected into helium gas stream and deposit onto steel substrate. It was possible to fabricate TiO 2 coatings with anatase phase. The deposition efficiency was increased with working gas temperature. The photocatalytic property of the coatings was evaluated by NOx elimination test. From the results, it became clear that cold sprayed TiO 2 coatings have outstanding photocatalytic property.
Introduction
Nitrogen oxides (NO and NO X ) which are included in automobile exhaust have caused various environmental problems such as acid rain and photochemical smog. In order to solve the problems, photocatalyst oxidation of NO X using titanium dioxide (TiO 2 ) has been reported [1] [2] [3] [4] [5] . In this system, NO included in the atmosphere is oxidized into NO 2 and NO 3 -.
Then NO 3 -removed as nitric acid (HNO 3 ) by rain. In order to remove NO X in the atmosphere effectively, formation of TiO 2 photocatalyst coatings for the surface of architecture such as building, bridge and sound barrier of roadway is available. Conventionally, TiO 2 photocatalyst coatings have been fabricated by CVD (Chemical Vapor Deposition), PVD (Physical Vapor Deposition) or sol-gel methods. However, it is difficult to fabricate large scale coatings by these processes. Furthermore, in order to obtain large surface area, thick coating with rough surface is more useful for photocatalytic reaction than thin films which fabricated by CVD or PVD. For fabrication of large scale thick coatings, thermal spray process is well known as the atmospheric high deposition rate process. Therefore, there are many researches about fabrication of TiO 2 photocatalyst coatings by thermal spray processes [6] [7] [8] [9] [10] . Fabrication of TiO 2 coatings is not difficult by thermal spray process, though it has been difficult to obtain high photocatalytic property. It is due to crystal structure of TiO 2 . The photocatalytic performance of TiO 2 is significantly affected by its crystal structure. TiO 2 in anatase phase presents a higher photocatalytic activity than that in rutile phase. The anatase phase irreversible transform into rutile phase over 1173 K which is lower that the melting temperature of TiO 2 (2181 K). Thermal spray processes require molten or semi-molten particles upon fabrication of coatings. Thus, the coatings fabricated by thermal spray process cannot avoid the heat transformation from anatase to rutile phase. On the other hand, cold spray process has developed in this decade as a new technology for attaining high quality coatings because of its lower heating of the powder materials [11] [12] [13] [14] [15] .
This process can prevent thermal effects for coating materials such as oxidation, vaporization, melting, recrystallization, grain growth and residual thermal stress. Therefore, the coatings fabricated by this process maintain the original characteristics of the feedstock materials 11) . Therefore, cold spray seems to be a suitable process for fabrication of large scale TiO 2 coatings in anatase phase. However, there are few studies about fabrication of ceramic coatings by cold spray [16] [17] [18] . The studies reported that the cold sprayed ceramic particles deposited onto substrate as only single layer. It was due to the deposition mechanism of cold spray. The cold sprayed particles deposit onto the substrate surface with plastic deformation of sprayed particles itself under collision with high kinetic energy. Therefore, the spray materials have been limited as soft metals such as copper and aluminum. On the other hand, it is possible to fabricate ceramic coatings by collision of solid ceramic particles using aerosol deposition method [19] [20] . Though the aerosol deposition method required deposition chamber, the deposition mechanism between cold spray and aerosol deposition are considered to be similar. Therefore, it was considered that ceramic coatings might be fabricated by cold spray process by optimizing the spray apparatus and conditions. In this study, feasibility of fabrication of TiO 2 photocatalyst coatings in anatase phase by cold spray process was investigated by controlling spraying conditions using self-designed cold spray apparatus and spray nozzle.
Experimental Procedure

Materials
TiO 2 powder with pure anatase crystalline structure was used as feedstock. The morphology of the particles was shown in Fig. 1 . Average particle size of the powder is 20 µm agglomerated with fine grains. Grid blasted 100 × 50 × 5 mm soft steel (SS400) plate was prepared as the substrate. 
Spray Conditions
All experiments were carried out with a self-designed cold spray apparatus illustrated in Fig. 2 . The spray nozzle is de Laval structure. During spraying, the substrate was reciprocated by X-Y drive system for one pass in order to form uniform thickness coatings. Typical spray parameters are shown in Table 1 . The experiments were carried out with changing the working gas temperature from room temperature (RT) to 673 K. The gas temperature and the pressure were measured at the mixer located upstream of the nozzle. In order to enhance the deposition of the sprayed particles, helium was used as the working gas 21) .
Evaluation
The deposition efficiency of sprayed particles was evaluated by measuring the mass of sprayed particles and deposited coating with a sample for a spray condition using an equation shown as below. 100 60
Where DE is the deposition efficiency, Q SA is mass of the substrate after spraying (g), Q SB is mass of the substrate before spraying (g), N is pass number, W S is the substrate width (mm), V T is traverse speed (mm/sec), Q P is quantity of fed powder (g/min).
The crystal structure of the coatings was verified by X-ray diffraction (XRD: Rigaku, RINT-2200) with CuKα radiation. Cross section microstructures of the coatings were observed by scanning electron microscope (SEM: JEOL, JSM-6390).
Photocatalytic property of the coatings was evaluated by NO X elimination test illustrated in Fig. 3 . Simulated contamination air including NO gas (1ppm measured by NO X meter without UV irradiation) and 50% of humidity was fed into a reaction chamber. The cold sprayed TiO 2 coatings or feedstock powder was placed in the reaction chamber as same area. Ultraviolet light was irradiated to the samples by using black light with the strength of 1.2 mW/cm 2 which is almost same as sunlight (1~3 mW/cm 2 ). The elimination ratio of the supplied 1 ppm of NO were measured by NO X meter as NO or NO 2 concentration. 
Results and Discussions
Fabrication of TiO 2 Coatings
The deposition efficiency of cold sprayed particles measured with changing gas temperature is shown in Fig. 4 . The result indicates that TiO 2 particles were deposited in all spraying conditions. Therefore, it was possible to fabricate TiO 2 coatings by cold spray process. The maximum deposition efficiency was approximately 8% when the gas temperature was 673 K. Though the deposition efficiency was low, it was clarified that deposition of TiO 2 particles was enhanced with increase of the gas temperature. This phenomenon is similar to fabrication of copper coatings by cold spray 22) . In our equipment, 
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feedstock powder was supplied into the gas stream after the gas expansion by de Laval nozzle. Therefore, there are few heat input to the particles even the gas temperature controlled higher. Increasing of gas temperature increases the gas velocity. Thus the particles collided with higher velocity and kinetic energy when the gas temperature was higher. It indicates that the factors for the deposition of TiO 2 particles are almost same as that of Cu particles. It is expected that the deposition efficiency of TiO 2 particles can be controlled by not only the gas temperature but also the gas pressure 22) .
Cross section microstructure of the coatings are shown in Fig. 5 . White arrows in the figure exhibit the coatings. The difference of deposition efficiency in each gas temperature was small, though the thickness of the coatings was increased with the gas temperature. This result is same as the deposition efficiency. The maximum thickness among the coatings fabricated in this study was approximately 100 µm ( Fig. 5(e) ). Some papers reports that cold sprayed ceramic coatings were formed with only single layer [17] [18] . However, it became clear that ceramic thick coatings can be fabricated by cold spray process. XRD spectra of the coatings and feedstock powder are shown in Fig. 6 . It indicates that the coatings maintained anatase crystal phase which used as the feedstock powder. The rutile phase was not included in all coatings. The anatase phase of feedstock powder never transformed into rutile phase during spraying due to its lower heat source temperature of cold spray process compared with thermal spray processes. Therefore, it was possible to fabricate anatase phase of thick TiO 2 coatings by cold spray process.
Cold sprayed metallic particles are deposited according to it plastic deformation. On the other hand, it is possible to fabricate ceramic coatings by aerosol deposition method with shock consolidation of fine material powder at room temperature. The coatings deposited by shock consolidation can be observed that the broadening of XRD spectra compared with feedstock powder 19) . In order to investigate the deposition mechanisms of TiO 2 cold spraed particles, grain size of the feedstock powder and the coating was compared. The grain size was calculated by Scherrer's equation as shown below. θ β λ cos
Where D is grain size, λ is X-ray wavelength (1.542 Å), β is the line broadening at half the maximum intensity in radians, and θ is the Bragg angle. The grain size of TiO 2 feedstock powder (101) was 12.8 nm and that of the coating fabricated with the gas temperature of 673 K was 8.0 nm. From the results, distinct changing of the grain size was not observed. The deposition mechanisms of ceramic particles by cold spray process have not been clarified yet, though, it was considered that the fine grain of feedstock powder affect to the deformation of the particles during collision onto the substrate.
Evaluation of Photocatalytic Property
Photocatalytic property of the coatings was evaluated by NO X elimination test. NO elimination ratio of the feedstock powder and the coatings fabricated by cold spray was shown in Fig. 7 . It indicates that NO elimination ratio of the coatings were almost similar or higher than the feedstock powder and the elimination ratio was not decreased with time elapse. It was due to surface morphology i.e. the coatings had larger specific surface area. The composition of the coatings which consisted of completely anatase phase of TiO 2 without including rutile phase was also enhanced the photocatalytic reaction. Furthermore, the coating fabricated with RT for working gas temperature also had excellent photocatalyst property. Though the deposition efficiency was low, it was possible to fabricate the coating with excellent photocatalytic property spraying with RT for working gas temperature. NO 2 is synthesised during oxidation of NO by photocatalyst. It is important that elimination of the synthesized NO 2 by photocatalytic reaction because NO 2 is worse for our health and environment than NO. The elimination ratio of NO 2 of the feedstock powder and the coatings was shown in Fig. 8 . It indicates that the coating has high elimination property of not only NO but also NO 2 . The difference between NO and NO 2 elimination ratio was small i.e. the amount of NO 2 generation by photocatalytic reaction was small. The coating fabricated with the gas temperature of 573 K exhibited the highest NO and NO 2 elimination property. However, the elimination property was not related to the gas temperature. Thus the high elimination property was considered to be due to surface morphology. It became clear that cold sprayed TiO 2 coatings have outstanding photocatalytic property. 
Conclusions
TiO 2 coatings were fabricated by cold spray process with using self-designed equipment and spray nozzle. The photocatalytic property of the coatings was evaluated as NO X elimination test. The following results were obtained in this study. 1) It was possible to fabricate anatase phase of TiO 2 coatings with approximately 100 µm of thickness by cold spray process.
2) The deposition efficiency of TiO 2 particles increased with working gas temperature.
3) The coatings fabricated in this study maintained the crystal phase and grain size of the feedstock powder. 4) Cold sprayed TiO 2 coatings had outstanding NO and NO 2 elimination property due to its crystal phase and surface morphology.
